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ABSTRACT: The self-diffusion and tracer diffusion of asymmetric poly(ethylene-alt-propylene-b-di-
methylsiloxane), PEP-PDMS, copolymers were measured using forced Rayleigh scattering. Diffusion
measurements were made in the disordered state, in disordered micelles, and in the body-centered-cubic
(bcc) sphere phase. The FRS intensity decays were fit with a single-exponential function in the disordered
state and a stretched exponential function in disordered micelles and bcc spheres. The decays are
interpreted as the diffusion of single chains with a broadened distribution of relaxation times when micelles
are present, due to the polydispersity of chain lengths. The diffusion coefficients in disordered micelles
and bcc spheres are retarded compared to the disordered state. This retardation is consistent with a
hindered diffusion process, D ∼ D0 exp(-AøNA), where ø is the Flory-Huggins interaction parameter, D0

is the diffusion coefficient as ø approaches zero, and NA is the length of the core block. The parameter A
is found to increase as øNA increases. These results are compared with recent experimental and
computational work.

Introduction

Diblock copolymers can form different ordered nano-
structures, depending on the relative length of the two
blocks and the degree of segregation between them. The
mobility of block copolymer chains within these phases
can be significantly affected by these structures com-
pared to the disordered state. Understanding the mech-
anisms of single chain diffusion will help build a
framework for understanding various processes of inter-
est, including the kinetics of structure formation and
equilibration, and the frequency-dependent rheological
properties.

Self-diffusion and tracer diffusion measurements have
been reported in lamellar,1-13 gyroid,12,14 cylinder,11,14,15

and body-centered-cubic (bcc) sphere phases.11,16-18 To
provide a consistent description of these various sys-
tems, it is helpful to resolve diffusion along an interface
(“parallel”) from diffusion across an interface (“perpen-
dicular”), with diffusion coefficients Dpar and Dperp,
respectively. In macroscopically unoriented lamellae or
cylinders, an isotropic D will represent some combina-
tion of Dpar and Dperp. In oriented samples it has proven
possible to determine Dpar and Dperp separately.4,8,10,11,14

However, when Dperp is significantly smaller than Dpar,
for example at moderate or high degrees of segregation,
the presence of a small population of defects or mis-
aligned domains can severely compromise accurate
extraction of Dperp. On the other hand, in bcc spheres D
≈ Dperp because each chain must hop from sphere to
sphere in order to diffuse. An advantage of measuring
diffusion in bcc spheres is that it is possible to measure
Dperp without having to macroscopically orient the
domains or to deconvolute experimental signals to
obtain Dperp, as in lamellar or cylinder samples.

In perpendicular diffusion the chain junction must
depart from the interface for a chain to diffuse, thereby

incurring an enthalpic penalty for pulling one block
through the other domain. For this “hindered diffusion”
mechanism the diffusion coefficient is given by4,19

where ø is the Flory-Huggins interaction parameter,
D0 is the diffusion coefficient in the absence of any
interactions, i.e., as ø approaches zero, and A is a
prefactor of order unity. The diffusion barrier is there-
fore proportional to the enthalpic penalty øNA, where
NA is the number of monomers in the “foreign” block.

It has been suggested that the chains may adopt
different transient conformations at large segregations
to decrease the activation energy of diffusion. Two
extremes have been proposed but have not yet been
established experimentally. Helfand proposed that one
block could stretch itself out to diffuse across the other
domain.20 In this hyperstretched state only part of the
block would be exposed at one time to the other domain,
thereby lowering the activation energy for diffusion.
Rubinstein and Obhukov proposed that the foreign block
could collapse into a globule.21 In this case only the
surface of a sphere is in contact with the other domain,
shielding most of the foreign block from unfavorable
contacts and also lowering the activation energy for
diffusion.

Perpendicular diffusion has been measured before in
block copolymers using a variety of techniques and in
different morphologies. Dalvi and Lodge measured Dperp
directly in macroscopically aligned lamellar poly(ethylene-
alt-propylene-b-ethylethylene) by forced Rayleigh scat-
tering.4,10,11 Rittig et al. measured the diffusion coeffi-
cient in macroscopically unoriented poly(ethylene-alt-
propylene-b-dimethylsiloxane) (PEP-PDMS) cylinders
by pulsed field gradient NMR.15 They were able to
isolate Dperp by deconvoluting the experimental signal
into parallel and perpendicular diffusion. Yokoyama and
Kramer measured Dperp in poly(styrene-b-vinylpyridine)
(PS-PVP) bcc spheres by forward recoil spectrometry.17
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In each of these cases the diffusion could be described
using the hindered diffusion mechanism, but the value
of A varied among the different systems and with the
magnitude of øNA in the PS-PVP system.

Yokoyama et al. also simulated perpendicular diffu-
sion in bcc spheres.22 Using Langevin dynamics and a
periodic potential field of amplitude R, they calculated
D/D0 as a function of R and N. The diffusion was found
to follow the hindered diffusion mechanism, but where
A increased with increasing RNA.

Two additional studies of diffusion in bcc phases were
made by Fleischer et al. in poly(styrene-b-isoprene)
(PS-PI) spheres16 and (PEP-PDMS) spheres18 by PFG-
NMR. In the PS-PI spheres two diffusive modes were
observed, which were attributed to the diffusion of free
diblock chains and chains fixed in micelles. The appear-
ance of two modes is due to the short measurement time
of the experiment (300 ms), in which the chains were
unable to exchange completely between the free state
and the micelle state. In the PEP-PDMS spheres below
TODT there was one broad mode of diffusion. The
distribution of diffusivities increases as the temperature
was lowered. This mode was attributed to the diffusion
of micelles rather than single chains.

This paper reports diffusion measurements for PEP-
PDMS chains, both in the disordered state and in bcc
spheres, over a range of øNA (2 < øNA < 14). The results
are interpreted in terms of hindered diffusion (eq 1) and
compared to the prior results and the recent simulations
of Yokoyama et al.22

Experimental Section
Materials. Poly(ethylene-alt-propylene-b-dimethylsiloxane)

diblock copolymers were polymerized by the sequential anionic
polymerization of poly(isoprene-b-dimethylsiloxane) (PI-
PDMS), followed by catalytic hydrogenation of the PI block.
Isoprene (Aldrich) was stored over calcium hydride. It was
further purified by stirring for 3 h each over dibutylmagnesium
and n-butyllithium. Hexamethylcyclotrisiloxane (D3, Aldrich)
was stirred over calcium hydride for 4 h and dibutylmagne-
sium for 1 h at 90 °C. Cyclohexane was passed through silica
and alumina columns. Tetrahydrofuran was passed through
an alumina column. 1-tert-Butyldimethylsiloxypropyllithium
(FMC Lithium Corp.) and chlorotrimethylsilane (Aldrich) were
used as received. This initiator is used because it contains a
hydroxyl group, protected by tert-butyldimethylsilyl (TBDMS)
ether, which can later be used to attach a photochromic dye
to create tracers for diffusion measurements. Isoprene was
initiated with 1-tert-butyldimethylsiloxypropyllithium and
reacted for 6 h at 40 °C in cylclohexane. A portion of the
polyisoprene was cannulated out for molecular weight analysis.
D3 was added and stirred for 12 h at 25 °C to ensure complete
initiation of the PDMS block. Sufficient tetrahydrofuran was
added to make a 50:50 mixture of cyclohexane and tetrahy-
drofuran. PDMS was polymerized for 1.5 h (ca. 30% conver-
sion) at 25 °C, when it was terminated with a 10-fold molar
excess of chlorotrimethylsilane. The polymer was dried and
redissolved in cyclohexane. The solution was washed with a
5% NaHCO3 solution followed by repeated washings with
deionized water. The polymer was precipitated in a 50:50
mixture of 2-propanol and methanol and dried under vacuum
to constant weight. The polymer was then hydrogenated with
Pd/CaCO3 (Strem Chemical, unpoisoned, unreduced) using a
standard procedure.23

A small amount of homopolymer PDMS was formed during
the polymerization. This was removed by fractionation with
toluene and methanol. The polymer-rich fraction was found
to be free of any PDMS homopolymer by size exclusion
chromatography (SEC) measurements in toluene. The molec-
ular weight of the PI block was determined by SEC with THF
as the mobile phase, using a light scattering detector (Wyatt

DAWN), refractive index detector (Wyatt OPTILAB), and a
dn/dc value for PI in THF of 0.124 mL/g.24 The mole fractions
of the blocks and the molecular weight of the PDMS block were
determined using NMR. The resulting samples are denoted
EPDMS(X-Y), where X and Y refer to the PEP and PDMS
block molecular weights in kilodaltons, respectively. The
degree of polymerization for each polymer was determined on
the basis of a common reference volume, equal to the geometric
mean of the monomer molar volumes. The sample character-
istics are listed in Table 1. The entanglement molecular
weights, Me, of PEP and PDMS are 1.5 and 12.0 kDa at 25
°C, respectively;25 Me increases slightly with increasing tem-
perature for both monomers. Given that these polymers are
predominately PEP, each of the polymers listed in Table 1
should be in the entangled state.

For a fraction of each polymer the TBDMS group of the
initiator was deprotected to provide a hydroxyl functional
group to attach a photochromic dye for diffusion measure-
ments. The polymer was dissolved in tetrahydrofuran to form
a 2 wt % solution. Hydrochloric acid (0.102 M) was added
dropwise to make a 0.04 M solution. The solution was stirred
for 2 days, after which methanol was added to precipitate the
polymer. The polymer was dried, redissolved in cyclohexane,
and washed with a 5% NaHCO3 solution followed by repeated
washings with deionized water. The success of the deprotection
reaction was determined by NMR with deuterated chloroform
as the solvent. There was a shift of the hydrogen peak on the
carbon next to the oxygen at the chain end, from 3.55-3.60
ppm before deprotection to 3.60-3.65 ppm after deprotection.

The polymer was labeled by esterification of the hydroxyl
group with 4′-(N,N-dimethylamino)-2-nitrostilbene-4-carbox-
ylic acid) (ONS-COOH). The synthesis of ONS-COOH has
been previously reported.26,27 A typical reaction was as follows.
30 mL of methylene chloride was passed through an activated
alumina column to remove any water. 200 mg of polymer, a
3-fold molar excess of ONS-COOH, and a 10-fold molar excess
of both dicyclohexylcarbodiimide and (dimethylamino)pyridine
were dissolved in the methylene chloride and refluxed at 50
°C for 2 days under nitrogen. The extent of the reaction was
monitored using SEC with both a refractive index and a UV
detector (Gilson model 166) at 360 nm. The labeled polymer
was precipitated in methanol, redissolved in methylene chlo-
ride, and passed through a silica gel column to remove any
unreacted dye. The labeled polymer was cloudy in appearance
after drying. It was fractionated in toluene and methanol as
described above, and the polymer-rich phase was recovered
for use. From NMR measurements it was determined that the
volume fraction of PDMS was not affected by the fractionation.

Forced Rayleigh Scattering. The diffusion coefficients
were measured using forced Rayleigh scattering with an
amplitude grating. The details of the experiment have been
discussed previously.4,28 FRS samples were prepared by mixing
appropriate amounts of labeled and unlabeled polymer to make
a sample with 5 wt % labeled polymer or 5 wt % tracer if the
labeled polymer and the matrix were different. This mixture
was dissolved in methylene chloride, filtered through a 0.45
µm filter, and precipitated in methanol. The polymer was dried
to constant weight under vacuum and placed between circular
glass slides separated by a 1 mm aluminum spacer. The
sample was sealed with silicone sealant (GE) under an argon
atmosphere. The fitting of experimental decays will be dis-
cussed subsequently.

Table 1. Polymer Characteristics

polymer ID
Mn

(kDa)a fPEP
b N NPDMS PDIc

TODT
(°C)d

EPDMS 11-1 12.1 0.90 177 17 1.04 <0
EPDMS 29-3 31.5 0.93 462 33 1.06 0
EPDMS 30-4 34 0.90 496 52 1.07 240
EPDMS 23-7 30 0.79 431 91 1.06 >300

a From SEC and NMR measurements. b From NMR measure-
ments. c From SEC measurements. d From rheology measure-
ments.
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Small-Angle X-ray Scattering. Small-angle X-ray scat-
tering experiments were performed using the 2 m SAXS line
at the University of Minnesota. X-rays were generated using
a rotating anode (Rigaku RU-200BVH) with a pinfocus cathode
and collimated with a double-mirror configuration (Franks
optics). 2-D patterns were recorded on a multiwire detector
(Siemens). The sample-to-detector distance was kept at 230
cm. The sample temperature was controlled to within (0.1
°C by resistive heaters mounted in a water-cooled brass block.

Rheology. Rheological measurements were carried out on
an ARES rheometer (Rheometric Scientific) using 25 mm
diameter parallel plates. The temperature was controlled to
within (1 °C using a nitrogen convection oven. Temperature
ramps were carried out at ω ) 0.5 rad/s, a heating or cooling
rate of 1 °C/min, and a strain amplitude of 0.5-2%.

Results and Discussion
This section is divided into three parts. The first

addresses the phase behavior of the different samples
used for diffusion measurements. The second describes
the signals observed in the forced Rayleigh scattering
experiments and their interpretation. The third part
emphasizes the diffusion coefficients themselves. Self-
diffusion measurements were made on EPDMS 11-1,
EPDMS 29-3, and EPDMS 30-4. Measurements were
also made using EPDMS 11-1 and EPDMS 23-7 as
tracers diffusing in EPDMS 30-4.

Phase Behavior. SAXS was used to determine the
morphology of each FRS sample. Figure 1 shows a
typical azimuthally averaged intensity profile for EP-
DMS 30-4 at 100 °C. There are peaks at q/q* ratios of
1, x2, and x3, which is consistent with the bcc sphere
structure. SAXS profiles of the EPDMS 11-1 in EPDMS
30-4 and EPDMS 23-7 in EPDMS 30-4 samples are
similar. Over the temperature range 20-180 °C, cor-
responding to the temperatures used in FRS, these
three samples were all in the bcc sphere phase.

Both EPDMS 11-1 and EPDMS 29-3 showed no
higher order peaks in SAXS measurements over the
range 20-180 °C. Based on ø for EPDMS29

TODT ) 240 °C, and N ) 496, the (øN)ODT for EPDMS
30-4 is 47. EPDMS 11-1 has the same fPEP as EPDMS
30-4, and thus (øN)ODT should be similar. With a (øN)ODT
of 47, TODT would be -60 °C for EPDMS 11-1. Given
the lower values of øN over the temperature range of
measurement, this polymer should therefore be disor-

dered for all FRS measurements, consistent with the
absence of higher order peaks in the SAXS results.

Rheology was also used to examine the phase behav-
ior of the samples. Figure 2 shows temperature sweeps
of G′ and G′′ for EPDMS 30-4 (Figure 2a) and EPDMS
29-3 (Figure 2b). The ODT for EPDMS 30-4 is marked
by a precipitous drop in both G′ and G′′ at 240 °C. There
is also a characteristic small peak in G′′ before the ODT,
as observed previously in bcc spheres, attributed to the
softening of the lattice.30,31 The ODT for EPDMS 29-3
is much broader, but there is still a peak in G′′ and a
drop in G′, with TODT estimated to be 0 °C. The much
more well-defined transition at -60 °C is the glass
transition of the PEP block. There is a large tempera-
ture difference between the TODT’s for EPDMS 30-4 and
EPDMS 29-3 even though the polymers have similar
Mn’s and fPEP’s. However, these polymers have highly
asymmetric volume fractions, where the phase boundary
between bcc spheres and disorder is very steep with
respect to the composition. EPDMS 29-3, with a higher
volume fraction of PEP, has a larger (øN)ODT. Above the
ODT the frequency-dependent moduli for EPDMS 29-3
are not consistent with a fully disordered melt, and it
is probable that the sample contains disordered micelles.
Disordered micelles have been reported in disordered
poly(styrene-b-isoprene) spheres above the ODT,32-35

and in previous experiments on a different EPDMS
copolymer with fPEP ) 0.91 disordered micelles persisted
up to at least 280 °C, 105 °C above the TODT.30 Given
that the TODT of EPDMS 29-3 is approximately 0 °C,
this system is expected to be in the disordered micelle
state throughout the FRS measurements, especially at
the lower temperatures.

In summary, these self-diffusion measurements cor-
respond to the disordered state for EPDMS 11-1, to the
ordered state for EPDMS 30-4, and to the disordered
micelle state for EPDMS 29-3. The tracer diffusion
measurements are all in the ordered state.

Figure 1. Azimuthally averaged SAXS intensity profile for
EPDMS 30-4 at 100 °C. The peaks are at q/q* values of 1, x2,
and x3, indicating a bcc structure.

ø ) 64K/T - 0.03 (2)

Figure 2. G′, G′′ vs temperature for (a) EPDMS 30-4 and (b)
EPDMS 29-3: (s) G′, (- - -) G′′.
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FRS Signals. Figure 3 shows representative FRS
decays for (a) disordered and (b) ordered polymers. In
each trace the baseline has been subtracted, and the
intensity has been normalized to a maximum value of
1 for clarity. Figure 3a shows a decay in EPDMS 11-1
at 100 °C and a grating spacing, d, of 10 µm. It could
be fit with a single-exponential function

where A is the amplitude, τ is the relaxation time, and
B is the (incoherent) baseline. The fit was started after
the peak in the intensity, which was typically at a time
of 1 s or less. The origin of the initial intensity rise has
been attributed to the photoisomerization of the dye.36

It should be noted that the intensity rise was not always
present in the decays, and there was no systematic
dependence of its appearance on temperature, grating
spacing, or sample. The full data set could also be fit to
a double-exponential function

where τ2 captures the initial intensity rise. The relax-
ation time τ2 was not dependent on the grating spacing,
indicating that this process was not diffusive in origin.
Also, the diffusion coefficient determined from the single
(τ) and double exponential (τ1) fits did not differ by more
than 10%.

Figure 3b shows signals for the four different ordered
samples at 100 °C. They were all at a grating spacing
of 3.2 µm, except for the EPDMS 23-7 in EPDMS 30-4
decay, which was at a grating spacing of 1 µm. A single

exponential could not fit these decays, and instead a
stretched exponential function was used

where A is the amplitude, 〈τ〉 is the mean relaxation
time, â is related to the width of the distribution of
relaxation times, and B is the incoherent baseline. The
fits were also begun after the peak in the intensity. If a
second exponential was used to fit the initial intensity
increase, the resulting relaxation time for the rise was
not dependent on the grating spacing. The diffusion
coefficient from these fits was typically within 10% of
the mean diffusion coefficient extracted from the
stretched exponential (〈τ〉) fits.

Figure 4 shows the relaxation time, τ (or 〈τ〉), vs the
grating spacing squared, d2, for each sample at 100 °C.
The linearity of the data with a slope of 1 confirms the
diffusive origin of the decays. This plot is also used to
determine the diffusion coefficient, D, as

The data were also plotted as 1/τ vs 1/d2 and fit to
determine D. The two values of D, which agreed well,
were then averaged. Figure 5 shows the resulting
diffusion coefficient measured for each sample as a
function of temperature. The error bars indicate the 95%
confidence interval determined from the τ vs d2 fits. The
error bar was omitted when the error was smaller than
the symbol in the plot.

The stretched exponential fit can be interpreted as
reflecting a single mode of diffusion with a broad
distribution of relaxation times. We attribute the breadth
of this distribution primarily to the polydispersity of the
sample, convoluted via eq 1, as demonstrated below. In
the disordered sample (EPDMS 11-1) the distribution
caused by polydispersity is fairly narrow, and the data
could be fit with a single exponential. In all the other
samples there is a noticeable broadening of the distribu-
tion. If the mechanism is hindered diffusion, D will have
a dependence on the core block length (via the exponent
in eq 1) in addition to the dependence on total molecular
weight (in D0). Figure 6 shows the average â from the
stretched exponential fit at each temperature vs øNA.

Figure 3. FRS intensity decays. (a) EPDMS 11-1 at 100 °C
and d ) 10 µm. The solid line is a fit to the data using eq 3.
(b) Decays at 100 °C: (0) EPDMS 11-1 in EPDMS 30-4, d )
3.2 µm; (O) EPDMS 29-3, d ) 3.2 µm; (4) EPDMS 30-4, d )
3.2 µm; (3) EPDMS 23-7 in EPDMS 30-4, d ) 1 µm. The solid
lines are fits to the data using eq 5.

I(t) ) (A exp(-t/τ))2 + B (3)

I(t) ) (A exp(-t/τ1) - C exp(-t/τ2))
2 + B (4)

Figure 4. Relaxation time (τ) vs grating spacing squared (d2)
at 100 °C: ([) EPDMS 11-1, (9) EPDMS 11-1 in EPDMS 30-
4, (b) EPDMS 29-3, (2) EPDMS 30-4, (1) EPDMS 23-7 in
EPDMS 30-4. The lines are fits to eq 6 for each data set.

I(t) ) (A exp(-(t/〈τ〉)â))2 + B (5)

D ) d2

4π2τ
(6)
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Clearly, â decreases as the activation barrier increases,
indicating a broader distribution with increasing activa-
tion energy.

To test this hypothesis further, the FRS decay of a
polydisperse block copolymer was simulated. An average
chain length, NT, and volume fraction of the core block,
fA, were chosen. The distribution of block lengths was
assumed to be Gaussian. The standard deviation of the
distribution is related to the polydispersity (PDI) by

The concentration, c, of each chain length N is given by

where K is chosen such that, at N ) NT, c ) 1.
Next, a temperature for the measurement was se-

lected. D0,N for each chain length was calculated from
the D(T) of EPDMS 11-1, scaled to the appropriate
molecular weight by the modified reptation result D ∼
M-2.3.37 The mechanism of diffusion was assumed to be
hindered diffusion, i.e., eq 1. The log(D/D0) vs øNA data
shown in Figure 8 were fit to a third-order polynomial.
Using this interpolation and D0,N, DN was calculated for
each chain length.

The simulated FRS intensity is given by

where t is the time and d2 is the grating spacing. The
summation was begin at N ) 50 to avoid dealing with
chain lengths below the entanglement chain length for
PEP. The intensity contributions for these short chain
lengths is very small, so their exclusion did not have
an effect on the final intensity decay. The intensity was
normalized, a baseline intensity was added, and noise
was added to the data. The noise was randomly distrib-
uted about zero. Figure 7 shows the FRS intensity thus
calculated for EPDMS 30-4 at T ) 100 °C and d ) 3.2
µm. A stretched exponential fit (eq 5) to the simulated
data gives 〈τ〉 ) 97 s and â ) 0.63. The experimental
decay shown in Figure 2b for EPDMS 30-4 is at the
same temperature and grating spacing, where 〈τ〉 ) 82
s and â ) 0.63. Thus, we conclude that polydispersity
can account for the broad distribution of diffusion
coefficients, assuming that the diffusion is by hindered
reptation. Also, the 〈τ〉 from the fit is close to the
relaxation time of the mean chain length and is there-
fore the appropriate moment to use in calculating the
diffusion coefficient.

Figure 5. Diffusion coefficient (D) vs temperature: ([)
EPDMS 11-1, (9) EPDMS 11-1 in EPDMS 30-4, (b) EPDMS
29-3, (2) EPDMS 30-4, (1) EPDMS 23-7 in EPDMS 30-4.

Figure 6. â vs øNA: (9) EPDMS 11-1 in EPDMS 30-4, (b)
EPDMS 29-3, (2) EPDMS 30-4, (1) EPDMS 23-7 in EPDMS
30-4.

σ ) NT(PDI - 1)1/2 (7)

c ) K/[(2π)1/2σ] exp[-(N - NT)2/(2σ2)] (8)

Figure 7. Simulated FRS intensity for EPDMS 30-4 at 100
°C and d ) 3.2 µm. The solid line is a fit to a stretched
exponential (eq 5).

Figure 8. D/D0 vs øNA: (9) EPDMS 11-1 in EPDMS 30-4,
(b) EPDMS 29-3, (2) EPDMS 30-4, (1) EPDMS 23-7 in
EPDMS 30-4, (0) simulation of Yokoyama et al.22 The straight
line is a fit to the data of Yokoyama and Kramer.17

I ) ∑
N)50

2NT [cN exp(-
4π2DNt

d2 )]2

(9)
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In a previous experiment on PS-PI copolymers two
modes of diffusion were observed in bcc spheres.16 The
modes were attributed to the diffusion of free chains and
of the spheres themselves. To resolve these two modes,
the exchange time of chains between the free state and
trapped state must be significantly longer than the
measurement time. We therefore investigated whether
a double-exponential fit could be used to fit our decays.
In some cases a reasonable fit could be obtained, but in
others it could not, and we therefore conclude that the
stretched exponential is preferable.

Diffusion Coefficients. Figure 8 shows the normal-
ized diffusion coefficient D/D0 vs øNA for each system.
D0 cannot be measured directly; instead, D0 was esti-
mated by from D(T) of EPDMS 11-1 scaled to match the
molecular weight of each tracer by

The temperature-dependent diffusivities of EPDMS 11-1
and a PEP homopolymer (Mn ) 16 kDa) are identical
after scaling DEPDMS 11-1 by eq 10. Given that EPDMS
11-1 (fPEP ) 0.90) has a high PEP content, this implies
that the diffusion of EPDMS 11-1 is not hindered, and
therefore the reptation scaled EPDMS 11-1 data should
give a good estimate of D0. The data collapse rather well
to a single master curve, spanning 4 orders of magni-
tude in reduced diffusivity. Also shown is a solid line,
representing the PS-PVP data of Yokohama and Kram-
er as fit to the hindered diffusion model.17 Excellent
superposition is found between the two distinct systems
(and two distinct experimental techniques) supporting
the universality of eq 1. Note, however, that the
curvature in the plot indicates that A in eq 1 varies with
segregation strength. Finally, the open squares are the
simulation results of Yokoyama et al.22 In this case the
simulation data were matched to the experimental data
using the assumption that

Yokoyama et al. remark that the conversion between R
and ø is not trivial but that R is proportional to ø at
strong segregations.

On the basis of these results, we conclude that the
dominant mechanism of motion is hindered diffusion.
First, the data agree well with the simulations of
Yokoyama et al. Second, there is very good agreement
with the data of Yokoyama and Kramer which were also
interpreted as hindered diffusion. Third, there is no
evidence of a transition to a different chain conformation
to give a lower activation energy for diffusion. Such a
transition would be observed as a weaker dependence
of D/D0 on øN. For the hyperstretched chain the diffu-
sion coefficient should be20

where C is a constant. For asymmetric polymers this
conformation should be extremely unfavorable because
the activation energy is dependent on the size of the
domain the chain is stretching across, which is large
compared to the size of the core block.

For the collapsed sphere the diffusion coefficient is21

where E is a constant. Yokoyama and Kramer previ-

ously compared the barrier for hindered diffusion versus
the collapsed sphere.17 For the collapsed sphere they
used the Helfand-Tagami form of the interfacial en-
ergy, valid at strong segregation.38 The interfacial
energy of the sphere, f, and therefore the activation
barrier for diffusion is

where F0 is the density and a is the segment length. As
these authors noted, as this does not consider the
entropy penalty for collapsing the chain, the activation
energy from eq 14 is a lower bound. Using NA of 100,
the ø at the transition between mechanisms was ap-
proximately 0.3. For EPDMS 23-7, NA is 95 and the
maximum ø was 0.2, so a transition to a collapsed
sphere would not be expected.

As a cautionary note, the good agreement between the
PEP-PDMS and PS-PVP data in Figure 8 depends on
the expression for ø. For symmetric PEP-PDMS various
ø functions have been determined by one of two meth-
ods, as listed in Table 2. The first method was based on
measurement of the TODT for two polymers and com-
parison with the predicted (øN)ODT from the theory of
Fredrickson and Helfand.39 The second method used
small-angle neutron scattering (SANS) measurements
of the disordered state structure factor.

It is not readily apparent why the ø determined from
SANS is consistently larger than the ø value determined
from TODT. Each different expression for ø would leave
the D/D0 vs øNA plot qualitatively the same, but the
superposition of our data with those of Yokoyama and
Kramer could deteriorate somewhat.

In the simplest description of hindered diffusion, i.e.,
eq 1, the parameter A is a constant. That is clearly not
the case experimentally, as the slope of D/D0 vs øNA
increases as øNA increases. Table 3 gives the apparent
A value for each sample, assuming that eq 1 applies.
One possible reason for the variation in A is the
changing interfacial width of the sample. In weak
segregation the composition profile is sinusoidal whereas
in strong segregation it approaches a square wave. The
interfacial width, w, should be dependent on øN, de-
creasing as øN increases. In the strong segregation
regime w is predicted to be independent of N and
proportional to ø-1/2.38,42 At weaker segregations some
of the core segments would already be in contact with
corona block segments, and the enthalpic penalty to pull
the core block out of the sphere should only be a fraction

D0 ) DEPDMS 11-1(Mtracer/MEPDMS 11-1)
-2.3 (10)

ø ≈ 1.2R (11)

D ∼ D0 exp[-C(1 - fA)(øN)2/3] (12)

D ) D0 exp[-Eø1/2(NA)2/3] (13)

Table 2. ø Values for PEP-PDMS

ø
MW polymer

(kDa) fPEP determination method

64K/T - 0.03 6.3, 7.7 0.48, 0.50 fit TODT (expt) vs øODT
(theory)a

82K/T - 0.02 6.6 0.50 SANS structure
factorb

98K/T - 0.06 5.7 0.50 SANS structure factorc

114K/T - 0.09 7.8 0.50 SANS structure factorc

a Reference 29. b Reference 41. c Reference 40.

Table 3. Hindered Diffusion Fits to Diffusion Data

polymer sample A

EPDMS 11-1 in EPDMS 30-4 0.56
EPDMS 29-3 0.27
EPDMS 30-4 0.50
EPDMS 23-7 in EPDMS 30-4 1.34

f
kbT

) 4π( 3
4π

NA

F0
)2/3

aF0xø
6

(14)
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of øNA. This adjustment to the hindered diffusion
picture has been previously suggested, where D/D0
would depend on øNA as43

where ∆φ is the difference in volume fraction of B in
the B-rich and A-rich domains. Thus, A ) ∆φA′ would
increase as øN increases and thus as øNA increases. This
could also explain why A is larger than expected for the
EPDMS 11-1 tracer. Since this is a tracer in EPDMS
30-4, w is determined by the more strongly segregated
matrix.

However, the interfacial width can only provide a
partial explanation for the variation in A. For example,
for EPDMS 23-7 in EPDMS 30-4 an A of 0.5 would be
expected, as in EPDMS 30-4 self-diffusion; this is not
the case. Therefore, there is also an additional depen-
dence of A on øNA. This can also be seen directly in the
simulation results in Figure 8, where the interfacial
width was kept constant; as the potential is increased,
A increases.

Conclusions

The diffusion coefficient of single chains has been
measured in asymmetric PEP-PDMS copolymers over
a wide range of øNA. The diffusion was found to be
retarded compared to diffusion in the disordered state
and followed the hindered diffusion mechanism. The
amount of retardation was found to increase as the
activation barrier for diffusion increased. Good agree-
ment was obtained between these results and recent
experimental and simulation results, implying that this
behavior is universal for asymmetric block copolymers.
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